ABSTRACT Understanding plant resistance mechanisms at a molecular level would provide valuable insights into the biological pathways impacted by insect feeding, and help explain specific plant tolerance mechanisms. As a first step in this process, we conducted next-generation sequencing using RNA extracted from chinch bug-tolerant and -susceptible buffalograss genotypes at 7 and 14 d after chinch bug feeding. Sequence descriptions and gene ontology terms were assigned to 1,701 differentially expressed genes. Defense-related transcripts were differentially expressed within the chinch bug-tolerant buffalograss, Prestige, and susceptible buffalograss, 378. Interestingly, four peroxidase transcripts had higher basal expression in tolerant control plants compared with susceptible control plants. Defense-related transcripts, including two peroxidase genes, two catalase genes, several cytochrome P450 transcripts, a glutathione s-transferase, and a WRKY gene were upregulated within the Prestige transcriptome in response to chinch bug feeding. The majority of observed transcripts with oxidoreductase activity, including nine peroxidase genes and a catalase gene, were downregulated in 378 in response to initial chinch bug feeding. The observed difference in transcript expression between these two buffalograss genotypes provides insight into the mechanism(s) of resistance, specifically buffalograss tolerance to chinch bug feeding.
Buffalograss, Buchloë dactyloides (Nuttall) Engelmann, is a warm-season grass native to the North American Great Plains (Wenger 1943 , Pozarnsky 1983 . Buffalograss has gained popularity as an alternative turfgrass species for golf courses, home lawns, and public establishments because of its low maintenance requirements and relative freedom from diseases and arthropod pests (Pozarnsky 1983 , Wu and Harivandi 1989 , Riordan et al. 1996 . Although relatively diseaseand pest-free, the western chinch bug, Blissus occiduus (Barber) is an important insect pest of buffalograss (Baxendale et al. 1999) . The continued use of this warm-season turfgrass is dependent on the development and implementation of effective management strategies for chinch bugs and other buffalograssinfesting arthropods.
Buffalograss resistance to chinch bugs, when employed in an integrated pest management program, has the potential to effectively and economically reduce chinch bug infestations, while minimizing pesticide inputs, costs, and maintenance effort. Previous research has identified buffalograsses with resistance to the western chinch bug (Heng-Moss et al. 2002 , Gulsen et al. 2004 , Serba et al. 2011 . Of the identified resistant buffalograss cultivars, 'Prestige' exhibits the highest level of resistance even though it often became heavily infested with chinch bugs. Several buffalograsses, including the cultivar '378', have been identified as highly susceptible to the western chinch bug. Subsequent choice and no-choice studies characterized Prestige as tolerant to the western chinch bug (Heng-Moss et al. 2003) .
Although resistant buffalograsses have been identified, limited information is available on the resistance (tolerance) mechanisms and the genes associated with plant tolerance to chinch bugs. Plant defense to phloem-feeding insects typically involves hundreds of genes responding not only to cellular disruption by the insect's piercing-sucking mouthparts but also to salivary toxins released during feeding (Miles 1999 , Smith et al. 2007 ). The intricate relationship that phloem-feeding insects share with their host plant may elicit multiple signaling pathways leading to general and specific defense-related responses Goggin 2006, Smith et al. 2007 ). These plant-signaling pathways are most commonly mediated by a number of different compounds including jasmonic acid, salicylic acid, and ethylene (Walling 2000, Thompson and Goggin 2006) . Prior research has documented differential expression of transcripts between resistant and susceptible plants involved in oxidative burst, plant defense and signaling, photosynthesis, and cell maintenance in response to phloem-feeding insects (Zhang et al. 2004 , Park et al. 2005 , Botha et al. 2006 , Boyko et al. 2006 , Gutsche et al. 2009a ). Understanding tolerance mechanisms at a molecular level will provide insights into the biological pathways impacted by chinch bug feeding and help illuminate plant tolerance mechanisms.
The transcriptome of two buffalograss cultivars, Prestige and 378, were recently sequenced using both Illumina and 454 sequencing platforms. These sequences revealed 325 differentially expressed (DE) genes between the two genotypes under basal conditions (not challenged with chinch bugs; Wachholtz et al. 2013) . Investigating the differential gene expression between these two buffalograss genotypes in response to chinch bug feeding may provide insights into the mechanism(s) of tolerance. Accordingly, the objectives of this study were to examine the transcriptional profiles of Prestige and 378 in response to chinch bug feeding and identify specific DE transcripts between tolerant (Prestige) and susceptible (378) cultivars of buffalograss in response to chinch bug feeding.
Materials and Methods
Buffalograss sod plugs (10.6 cm diameter by 8 cm deep) of Prestige and 378 were collected from the John Seaton Anderson Turfgrass and Ornamental Research Facility (JSA Research Facility), University of Nebraska Agricultural Research and Development Center, near Mead, NE. Individual stolons of each genotype were planted in "SC-10 Super Cell" single-cell 3.8 cm diameter by 21 cm deep cone-tainers (Stuewe & Sons, Inc., Corvallis, OR) in a soil mixture with a ratio of 2:1:3:3 sand, soil, peat, and perlite. Plants were watered and fertilized (20N-10P-20K soluble) as needed and maintained at a temperature of 24 6 3 C and a photoperiod of 16:8 (L:D) h under 400-watt high-intensity discharge lamps.
Chinch bugs were collected from buffalograss research plots at the JSA Research Facility by vacuuming the soil surface with a modified ECHO Shred N' Vac (Model 2400, ECHO Incorporated, Lake Zurich, IL). Chinch bugs were sifted through a 2-mm mesh screen, and fifth instars were collected with an aspirator. Chinch bugs were held in the laboratory for 24 h, and injured or dead insects were discarded prior to initiating the experiment.
The treatment design was arranged as a 2 Â 2 Â 2 factorial with 2 buffalograss genotypes (Prestige and 378), 2 chinch bug infestation levels (control and infested), and 2 sampling dates (7 and 14 d after chinch bug introduction). Ten fifth-instar chinch bugs were placed on buffalograss plants randomly assigned to the chinch bug-infested treatment. Plants were covered with tubular Plexiglas cages (4 cm diameter by 30 cm height) to confine chinch bugs to the plants. Organdy fabric was secured to the tops of cages using rubber bands. Control plants were caged in the same manner. The experimental plants were arranged in a randomized complete block design with six replications. Chinch bug presence and associated plant damage ratings (1-5 scale, where 1 ¼ 10% or less of the leaf area damaged) were recorded at each evaluation date following the methods described by Heng-Moss et al. (2002) . Damage rating and chinch bug numbers were analyzed using a mixed model (PROC MIXED, SAS Institute 2008) to detect differences between the two buffalograsses. Means were separated using Fisher least significant difference (LSD) procedure when appropriate (P < 0.05). Chinch bug-infested and control plant tissue (leaf blades) was harvested and flash frozen in liquid nitrogen for RNA extraction.
Total RNA was extracted from 100 mg of plant leaf tissue from three biological replicates from each genotype and treatment. RNA was extracted using the FastTrackMAG maxi kit (Invitrogen #K158002), and cDNA was created using the QuantiTect Whole Transcriptome kit (Qiagen #207043). The cDNA was purified using the QiAamp DNA Blood mini kit (Qiagen #51104). Samples were submitted for sequencing on the Illumina GA sequencing platform and the 454 Titanium FLX sequencer.
Separate transcriptomes were assembled for each genotype using Trinity software (Grabherr et al. 2011) . Sequencing reads for each individual sample were mapped to the Prestige-assembled transcriptome with Bowtie2 (Langmead and Salzberg 2012) . Comparisons between control plants of the two genotypes and control and infested samples for each genotype at 7 and 14 d post infestation were made with the edgeR Bioconductor package (Robinson et al. 2010 ) to identify DE transcripts (Table 1) . Differentially expressed genes determined by their false discovery rate (FDR < 0.05) were annotated with Blast2GO (Conesa et al. 2005) . Buffalograss transcripts of interest were selected from the list of DE transcripts at each time point and for each genotype by filtering the Blast2GO "seq descriptions" and "GO IDs" using the following search terms: oxidase, oxide, catalase, GRAS, WRKY, kinase, cytochrome, defense, and stress.
Results
Damage Ratings. No visible differences (P > 0.05) in plant damage were observed between chinch buginfested 378 and Prestige plants at 7 d after chinch bug introduction. By 14 d, 378 had an average damage rating (6SE) of 2.1 6 0.3, while the average damage rating for Prestige plants was 1.0 6 0 (F ¼ 4.7; df ¼ 1, 20; P < 0.001). No significant differences (P > 0.05) were detected between the number of chinch bugs on the two infested buffalograsses at 7 and 14 d after chinch bug introduction. Gene Ontology. Sequence descriptions and gene ontology terms were assigned to 1,032 of the 1,882 unique DE Prestige transcripts and to 669 of the 1,006 DE transcripts from 378. After filtering for defenserelated terms of interest (oxidase, oxide, catalase, GRAS, WRKY, kinase, cytochrome, defense, and stress), 112 DE transcripts from 378 and 166 DE transcripts from Prestige were selected for further analysis in BLAST2GO. The distribution of transcripts in each GO term did not change significantly between genotypes. However, the analysis of the select set of stress response search terms revealed more DE transcripts that were downregulated than upregulated at 7 and 14 d in both cultivars, with Prestige having more downregulated transcripts than 378 (Fig. 1) .
Genes of Interest. Control Versus Control (378 vs. Prestige). At 7d, there were 7,665 DE transcripts between 378 and Prestige control plants. Of those 7,665 transcripts, 6,566 transcripts had higher read counts in Prestige. Among these 7-d DE transcripts, four peroxidase transcripts had higher expression levels in Prestige control plants when compared with 378 control plants (Table 3) . At 14 d, 9,753 transcripts were DE between 378 and Prestige control plants. Of those 9,753 transcripts, 8,495 transcripts had higher read counts in Prestige. Among these 14-d DE transcripts, three peroxidase transcripts had higher expression levels in Prestige control plants when compared with 378 control plants (Table 3) . It is interesting to note the difference in glutathione peroxidase expression between Prestige and 378. Of the four DE glutathione peroxidases, Prestige had a minimum Log2 fold expression change of 7.9 when compared with 378.
Prestige: Control Versus Infested. There were 1,548 DE transcripts between control and infested Prestige plants at 7 d and 644 DE transcripts at 14 d. Among these DE transcripts, 20 defense-related transcripts were identified (Table 4) . Of these select transcripts, three peroxidase and two catalase transcripts were upregulated in response to chinch bug feeding (Table 4) . Several other defense-related genes were upregulated in chinch bug-infested plants, including five cytochrome P450 genes, a glutathione s-transferase and a WRKY gene (Table 4) .
378: Control Versus Infested. There were 880 and 137 DE transcripts between control and infested 378 plants at 7 d and 14 d, respectively. In this chinch bugsusceptible buffalograss cultivar, nine peroxidase genes were downregulated at 7 d in response to chinch bug feeding (Table 5 ). In addition to these peroxidases, a catalase transcript and a scarecrow-like protein transcript were downregulated in 378 (Table 5) . None of these transcripts were DE between control and infested plants at 14 d.
Discussion
Several defense-related transcripts were DE within the Prestige and 378 buffalograss transcriptomes. Comparison of data from control and chinch bug-infested plants, and subsequent comparison of tolerant and susceptible genotypes, allowed for the identification of DE genes between control plants of the two genotypes and expression level changes in both the tolerant and susceptible buffalograsses in response to chinch bug feeding. Many of the changes documented in this study support those found in other studies investigating tolerant Prestige and susceptible 378 buffalograsses , Gulsen 2010 , Ramm et al. 2013 ). In total, seven peroxidases had higher expression in Prestige control plants than 378 control plants (Table 3 ). In comparison, only three peroxidases had higher expression in 378 control plants as compared with Prestige control plants between 7 and 14 d (Table 3) . It is noteworthy to mention the large difference in expression of specific peroxidases that have higher expression in Prestige control plants as compared with 378 control plants. When comparing the Log2 fold change in expression between the two genotypes, the glutathione peroxidases (GPXs) have a minimum 7.9 Log2 fold change, with higher expression in Prestige (Table 3) . Two of the seven peroxidases with higher expression in Prestige control plants were class III peroxidases while five of the seven were glutathione peroxidases. Class III plant peroxidases have been shown to play a role in wound healing, auxin catabolism, cell wall-building processes, oxidation of toxic reductants, the breakdown and removal of reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ), and defense against pathogen and insect attack (Hiraga et al. 2001 , Ni et al. 2001 , Kawano 2003 . Glutathione peroxidases are antioxidants that catalyze the reduction of ROS such as H 2 O 2 using glutathione and other reducing agents (Ursini et al. 1995) . The main functions of plant GPXs are to protect cells from damage by peroxides and to play a role in signal transduction pathways under stress conditions (Suzuki et al. 2012) . Specific GPX expression and activity increased in response to pathogen infection in barley (Navrot et al. 2006) . High levels of specific GPX transcripts in Prestige control plants may be part of the cellular mechanisms affording better resistance to chinch bugs and potentially other biotic stressors.
In response to chinch bug feeding, nine peroxidases were downregulated in 378 (Table 5 ) and two peroxidases were upregulated in Prestige (Table 4) . The peroxidase transcript, pre_comp36874_c0_seq1, downregulated in 378 in response to chinch bug feeding has sequence identity (identity: 72%, E value: 4e-148) with a DE peroxidase gene in Ipomoea batatas L. in response to pathogenic bacteria (Kim et al. 2008) . One of the upregulated peroxidases encoded by transcript pre_comp36191_c0_seq1 has sequence identity (identity: 50%, E value: 8e-72) with a peroxidase gene that showed increased expression in response to pathogen attack in a resistant Triticum monococcum L. genotype (Liu et al. 2005 ). In addition, two catalases were upregulated in Prestige (Table 4 ) and one downregulated in 378 (Table 5 ) at 7 d after chinch bug introduction. The upregulated catalase transcript, pre_comp605149_c0_ seq1, has sequence identity to catalase genes identified in Cucurbita maxima Duchesne (identity: 45%, E value: 1e-10) in response to heat stress (Ara et al. 2013) and Solanum tuberosum L. (identity: 47%, E value: 8e-11) (Niebel et al. 1995) that is induced in response to nematodes and bacterial infection.
Based on these findings, we propose that tolerant plants have the ability to elevate their level of ROSscavenging enzymes, such as peroxidases and catalases, which may enable them to efficiently remove ROS that accumulate in response to insect feeding (Bi and Felton 1995 , Leitner et al. 2005 , Wu and Baldwin 2010 . Furthermore, the upregulation and downregulation patterns of these peroxidases suggest that ROS accumulation and detoxification occurs simultaneously in response to chinch bug feeding (Park et al. 2005 , Gutsche et al. 2009b . ROS may play multiple roles in the tolerant response of Prestige to chinch bug feeding (Ramm et al. 2013) . Increased levels of ROS may act as a signaling molecule for increased activation of ROS-dependent genes, defense-related transcripts, and ROS scavengers such as peroxidases and catalases as has been reported in other studies (Passardi et al. 2005 , Miller et al. 2009 , Torres 2010 .
We found that the chinch bug-tolerant buffalograss has a greater number of peroxidase transcripts with higher basal expression levels when compared with the susceptible buffalograss 378 (Table 3) . High basal read counts of select peroxidase transcripts in the Prestige transcriptome demonstrate that these two buffalograsses are physiologically very different with respect to the types and relative levels of oxidative enzymes. These data support the idea that Prestige is better prepared to deal with oxidative stresses associated with insect herbivory, and are consistent with previous research documenting significantly higher basal expression levels of specific defense-related transcripts such as peroxidase in Prestige control plants compared with 378 control plants (Ramm et al. 2013) . Overall, these results indicate that elevated basal expression levels of peroxidases could be one facet of the mechanisms underlying tolerance to chinch bug feeding in Prestige as compared with the susceptible 378 genotype.
It is important to note that the majority of observed transcripts with oxidoreductase activity were downregulated in 378 in response to chinch bug feeding at 7 d (Table 5) . Multiple oxidative enzymes, such as peroxidases and catalases, were downregulated within the 378 buffalograss transcriptome at 7 d after chinch bug feeding, but then upregulated at a later time (Table 5) . These results support previous findings that 378 is not as well equipped with basal levels of oxidative enzymes. In addition, 378 is not able to upregulate production of these oxidative enzymes to deal with increasing oxidative stress resulting from chinch bug feeding (Ramm et al. 2013) . As compared with tolerant Prestige (Table 4) , the large number of downregulated transcripts coding for enzymes involved in redox metabolism in 378 (Table 5) suggests this genotype does not have the ability to readily detoxify increasing ROS at the onset of insect feeding, and could be a contributing factor in plant susceptibility. At 14 d, there was increased expression of specific peroxidases and catalases in 378 in response to chinch bug feeding (Table 5) ; however, the level of expression was insufficient in preventing accumulation of ROS and as a result, these plants experienced visible plant damage.
In addition to DE peroxidases and catalases, other defense-related transcripts displayed differential expression. Of particular interest was a scarecrow-like protein transcript that was downregulated in 378 in response to chinch bug feeding. Scarecrow proteins are part of the GRAS family of plant proteins. The absence of specific GRAS genes has been documented as playing a key role in the susceptibility of tomato to Pseudomonas syringae infection (Mayrose et al. 2006) . This finding supports an earlier study by Ramm et al. (2013) who reported higher basal level expression of a specific buffalograss GRAS transcript in Prestige when compared with 378 and upregulation of the same GRAS transcript in the tolerant buffalograss in response to chinch bug feeding. Additional research needs to be conducted to determine if GRAS expression is directly linked to the tolerance response in Prestige.
Several cytochrome P450 transcripts were also DE in response to chinch bug feeding. Cytochrome P450s (cP450) are multifunctional enzymes involved in the synthesis of secondary metabolites, and have the ability to catalyze many different reactions and produce different products (Hamberger and Bak 2013, Neilson et al. 2013) . These enzymes also play a role in the synthesis of signaling molecules such as jasmonic acid, a hormone that plays a critical role in the plant defense response (Werck-Reichhart and Feyereisen 2000 , Mizutani and Ohta 2010 , Heitz et al. 2012 , Hamberger and Bak 2013 . The upregulation of a cP450 gene in resistant Prestige may play a role in the plant's ability to tolerate chinch bug feeding by downstream signaling for the production of defense-related transcripts.
In Prestige, two glutathione s-transferase (GST) transcripts were differentially expressed between control and infested plants. One GST transcript was downregulated and one was upregulated in response to chinch bug feeding. GST enzymes are best known for their role in detoxification, but they also have multiple functions in plants, including primary and secondary metabolism (Dixon et al. 2002) . GSTs also play an important role in cellular signaling and stress tolerance (Dixon et al. 2002 , Laborde 2010 . GST production has been documented in response to both abiotic and biotic stresses (Dixon et al. 2002) . Expression of specific GST transcripts has been documented in resistant barley as well as resistant sorghum in response to aphid feeding, further implicating the potential role of GST in the plant defense response to insect pressure (Park et al. 2005 , Gutsche et al. 2009a .
WRKY transcription factors are a family of proteins that regulate various plant processes, but are most notably involved in managing a diverse array of biotic and abiotic stressors by way of downstream transcriptional reprogramming and modulation (Pandey and Somssich 2009) . The transcript pre_comp28074_c0_seq1, showed sequence identity (identity: 68%, E value: 2e-14) to a WRKY in Triticum aestivum whose overexpression improves stress tolerance in transgenic Arabidopsis plants through regulation of downstream genes (Niu et al. 2012 ) as well as sequence identity (identity: 86%, E value: 2e-11) with WRKY genes in Brassica napus responding to fungal pathogens (Yang et al. 2009 ).
It is interesting to note that for 378 there is a noticeable decrease in the number of downregulated transcripts in each category of biological processes from 7 d to 14 d in response to chinch bug feeding (Fig. 1) . Overall, the number of downregulated transcripts is closest to zero in 378 at 14 d in response to chinch bug feeding, whereas Prestige (although showing a decrease in the number of downregulated transcripts from 7 to 14 d) consistently shows an overall greater number of downregulated transcripts at 14 d. Although a fewer number of transcripts are upregulated in response to insect feeding for both genotypes at each time point, for the categories of biological processes, cellular processes, biological regulation, and response to stimulus, at 7 d there is a noticeable increase in the number of upregulated transcripts in Prestige. The noticeable difference in the number of downregulated transcripts in infested Prestige versus 378 supports the idea that Prestige is better equipped for chinch bug infestation at the basal level, and therefore, a large number of transcripts are highly expressed in control plants (downregulated in response to chinch bugs).
In conclusion, results from this study support our working hypothesis that differential expression of oxidative enzymes such as peroxidases and catalases is a key factor in buffalograss tolerance or susceptibility to chinch bug feeding. Our results provide the first analysis using next-generation sequencing to investigate chinch bug interactions with tolerant and susceptible buffalograsses. Our data also provide insight into the possible pathways recruited throughout the continuum of the tolerance response. Here, we have identified many genes that could be used as molecular markers in the identification of other tolerant buffalograsses. Ultimately, this research will facilitate development of improved buffalograsses with resistance to chinch bugs and shorten the timeframe needed to identify and improve buffalograsses with superior chinch bug resistance.
